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1. IDtroductlon 

A Btg RISC 

Riclaud A. BlorrvetA, C4pl., USAF 

Maatera Project FiDal Report 

Computer Science Divisioa 

Department ol Electrical En&iD~riD& and Computer Science 

University ot CaliComia, Berkeley 

Berkeley, CA ~7~ 

Even thoa&h microprocesaora are now av:W.able with the power ol previous yesn' minicom-•.. 

paten, and are expected to cet faster, there will alw~s be problema where evea the fastest 

microprocessors are not fast enoup. This paper describes the desi&n ol BRISC (Bi& Reduced 

Instruction Set Computer), a hi&h performance 32-bit processor desiped with discrete lOOK ECL 

lo&ic. BRISC uaes the same concepts used to speed up the RISC I microprocessor; 14 these con

cepts include a simplified iDatruc:tion aet and merl.appin& re&iater windows. 

BRISC is desi&ned with a Structured Computer-Aided Lo&ic Desi&n (SCALD) system. 11 

Most of the CPU desi&n has been entered into the SCALD sy11tem and poet processed for physical 

desip errors. The wont case lope path has been timiD& v.erifted uains SCALD to approximate 

the CPU cycJe time. Some simulation has been done {about 70% of the desi&n) to verify func

tional correctness or the CPU desi&n. 

This paper describes the desip, performance ud coat of BRISC. Performance and coat are 

compared to other hip performance computers to naluate the uefulnesa of the RISC architec

ture Cor hi&h performance computer desi&n. The rest or this section describes the RISC I architec

ture ud the Berkeley RISC implementat.ioaa. RISC I architecture is described because BRISC 

ues the RISC I a.rchitecture at the instruction aet level. 

Fundamental to RISC architectures ia the concept that frequent., time coaaumin& tasks 

!!hoald be done as fast as pot115ibJe, and infrequent taak.a may be done more slowly. RISC I is 

desiped to execute hi&h lenl l.an&ua&es such as C and Pascal efr"lc:iently, so the RISC I instruc

tion aet coocentrates oa the most time con.samin& operatioaa of hi&h leYel l.an&Ua&es. Two time 

coaaumin& operations optimized by the RISC I in11truction set are: (1) procedure c2Jla and retum11, 

that account f« 40% ol the time spent in tnditioaal architectures; and {2), data references to 

local scalar Yuiables and coal!tanta, that account for oYer 60% or data references. H RISC I ia 
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designed ror inte&er prosnms; Soatia& point opentiou are done iD software and are theretore 

aipi!cantly slower thao inte&er operations. 

The remainder oC this section provides a brief introduction to the RISC I architecture. For 

more inroriD3tioa, the reader is re!erred to the RJSC I Principlu of Oper4ti~n. Z5 

RISC I ha.a two sipificant departures from tr3ditional computer architectures. First is a 

amall and simple iutructioa set; second is a la.r&e re&iater ale conaiatinc ol overb.ppin& reP!ter 

windows. 

1.1.1. lUSC 1 lu.struc:tSon S~ 

The RISC I inatnctioo set conaiata oC 31 instnctioaa and !Gpporta be sddresin& modes. 

Three address modes - re&iater, immediate and indexed - are supported directly by the iutru~ 

tioa aet. Two addresaiD& modes - sbaolute and repter indirect - may be synthesi:ed rrom 

iDdexed addresain&. Only the LOAD and STORE Uutructioo.a access the maiD memory, all other 

iDatnctioaa read and write reptera. Meet opemioo.a resd two felistera and write into a third. 

Beesa.ae oC the repster-to-repater oriutatioa ol the inatructioll ad, RISC processon complete a.a 

iDatructioa nevly every memory eycle. LOAD a.ad STORE instructions are the only exceptioaa and 

require on!!! or two extn eycJes. 

RISC fE added. Z3 instructions to the RISC I instructioa ad to support rel:!.tive loada and 

stores, iDcre35ed xcesa to the &pedal re&istera, ud ISUpport for the Yirtual memory. BRISC uses 

the RISC(E instruction set. The BRISC instruction aet ia included in .-\ppendix A. 

1.1.2. &eptef' FUe 

RISC I l'e!ia oa multiple aeta or Ulirul~w• ol 3~bit rt~l!ters to aped up c~, returns, and 

acces to local variables. This coUectioa or re&iater windows is known a.a the re,Uter file. 

BRISC contains 1. re&ister lUe consiatin1 ol 128 32-bit re&imrs. Six~n ol these repaters 

(the repater window) ue available to a procedure at any one time, and a new set ia allocated for 

a CALL and dnllocaUd for a RETURN. Memory accesses a.re D~ required to save and restore the 

returu address or other resisters M required by eoaventioaal architectures. Furthermore, move

ment oC data is not required ror par~eter puain& becsa.ae allocatioa and desllocstioa ol repaters 

tor CALL a.ad RETURN is done with OYerlappins windows. Overbppin& reP~ter windows usually 

allow the pr01r31D 's complete activatioa stack to remain in re&l5ters, so that the CPU references 

ta.ai repters, rather than slow main memory. 

BRISC ha.a two seta or 1~ resisters, oae set is active in user mode, the other is active in 

system mode. RISC I resisters ~pill into memory ii the 1~ re&iater l.i:nit is exceeded. 'I'en ol the 

16 recisters in 1. re&isier window ue alu.red by JJl windows in a re&ister file snd ue known aa the 
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,lobol re,Ute,. 

1.1. Berkelq RISC Implementatloaa 

Foar RISC processors have been desiped ~ UC Berkeley since the project waa started in 

1gs(). Two ol them are ain&le chip NMOS desipa (RISCs I and n), and two are discrete Jocic 

ECL desips (RISC/E and BRISC). 

RISCI 

RISC I is the lint RISC designed at Berkeley. It waa designed by live students iD 6 mouths. 

The 44,500 transistor chip was fabricated usia& 4 micron NMOS technoloQ, and is 10.3 x 7.74 

mm (406 x 305 mils). Throu&h the use ol computer aided desi&n tools, RISC I worked on lim ail

icon. Even though the chips work, they do not meet their desip &oal for speed. The desi&D &oal 

for RISC I was a 400 ns cycle; RISC I runs with a 2000 ns cycle. Even at 2000 ns RISC I runs C 

programs faster than an 8 MHs 68000. 14 

RISCO 

RISC n waa desiped by two &raduate atudenta iD two years ud is a more reflned processor 

than RISC I. Building oa the success or RISC I in uain& computer aided desi&n toola to desip 

chipe that were logically correct, RISC n used a newer set or t.oola that included a pf<>~r:un to 

verify the speed or the chip (Crystal). to The longer desip cycle ud better toola resulted iD a 

better circuit desip aDd workin& chipe with 75% more re&isten (138), 25% less area (10.3 x 5.8 

IIUD), and roar times the speed (500 u cycle time) or RISC L 

RISC n uses a three stage pipeline as opposed to the two ata&e pipeline ol RISC I. A simi

lar three stage pipeline waa sabeeqaently used by RISC/E and BRISC. The three stage pipeline 

is discusaed in Section 2.1. 

RISC/E 

RISCfExtended (RISC/E) waa a paper desip or a lOK ECL CPU a.nd cache also started in 

1gso to see if the RISC I coucepta could be applied to a hi&h performance discrete lope CPU. S 

The result is the desi&n for a fa.ai CPU with a 75 as cycle time coDSiating ol 450 10K ECL parta. 

The cache also baa a cycle time or 75 DS aDd conaista or 550 lOK ECL parts. 
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BRISC 

Bi& RISC {BRISC) continues the work started by RISC/E to verily the applic~bility ot 

RISC concepta to. high per!ormuce computer desi&n. Jeff Deutac:h ud the aathor desiped the 

!rat. versioa or BRISC dariDg the Winter quarter or lgg:J. BRISC stamd aa a tran.slatioa ot the 

lOK ECL desi&n or RISCfE to lOOK ECL. Minor chaD&es were made throa&hoat. the desip to- · · 

ac1:omodate di6erences between the lOK a.Dd lOOK parta. The ALU, !hitter, prosram counters, 

aud control losic were redesiped ror increased speed ud decreased part.a coGDt. TimiD& wu kept 

Datb' identic:al to RISCfE. 

The resaltin& desip from the Winter quarter couisted or 806 parts. The hip part count 

wu due primarib' to the lack ol buflen iD the SCALD librsry to prevent loadiD& viol~tioos; 

instead pa.rta were replicated to obtain the desired drive. Simulation w» completed on the ALU, 

shifter and pro&ram counters, aDd poet processing wu started. TimiD& nriJicaiioa wu not per• 

formed bet:~ase o( bop in the timin& Teri!er. 

The author continued work oa BRISC durin& the Spring qu:vter or 1983. BRISC wu 

redesiped to ue bu.flers that were added to the SCALD librvy, ud control w• redesiped to 

require fewer bita. The resulting design uaes 332 parta. The BRISC equinlent ol microcode wu 

written for the arithmetic instructiou, and eimubtioa waa etazted ror the entire desip. The tim

iD& Terifier became anil~Ie from Valid, so enough or the desip WM verified to c:a.lculate the 

eycle time. Poet processing wu completed for the entire desi&::l. 

BRISC is raater tbu RISCfE (-47u n. 75 ns) with fewer chips (332 n. 550). lOOK ECL ia 

a faater lope family thaD lOK ECL, but •• !lot widely anil~le when the RISCfE project WM 

~~ (1980). The lOOK ECL part.a tend to have more functionality thaD lOK ECL parta, but 

thia ranctioulity ia boupt a4 the expen!e ol more pins per pa.cbge. Nearb' all lOOK ECL parta 

!&ave !H pins, where:Ja most lOK ECL parta haTe 16 pins. 

The remainder of t!Us paper descri~ the desi&n, perlormsnce ud cost ol BRISC. 

L BRISC Deslp 

BRISC'a desip is baaed oa the three sb&e pipeline deTe!oped by Lloyd Dic!un.au tha.i WM 

ued by RISC II aDd RISCfE. This ~tioa describes the pipeline timin& and the hardware desi&D 

oiBRISC. 

BRISC pipeline timin& will on}] be summali1ed here, a more complete descriptioa ~y be 

toed in the RISC{E design study. 5 BRISC uees a two ph3.5e, noJH>Terlappin& dock. M011t 

iDst:uctioas tue three eycles, or six pha.ees, to exe1:ute. The CPU is pipelined !0 that three 
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iDatructiona are bein& acted on simulta~~eoub', allowiD& iDatruetions to issue aod complete at a 

rate approachiD& ooe per cycle. Fipre 1 describes the six phases ol a typical instruction, ud 

Fi&ure 2 ahows three iD.structioDB puain& throucb the pipeliDe. The pipeline is desi&ned to make 

maximum use ot key resources - the cache, recister Ble, aod AL U - aod to minimi1e cootention- · 

tor ~heae resources. The pipeliDe is abo desi&ned to not require pipeline hshes, aU iD.struetioDB 

enterin& the pipeline co throop to completion unless externally intem~pted. 

Me»t iDstruetions follow the pipeliDe timiD& shoWD iD Ficures 1 aod 2 so that no complex 

pipeliDe iDterlocka are required. Even iD.struetioDS that receive special treatment iD tnditional 

pipelines - such u CALL, JUAIP, aod RETURN - do not a.lect pipeline timin& iD BRISC aod follow 

the same basic: three cycle timiD&. 

Only the LOAD aod STORE iDStruc:tioDB require more thu three cycles to execute. One extra 

cycle is required for the memory access; a second extra cycle is required for 8- aod 16-bit loads 

aod stores to &lip the memory data with the re&ister Ble u.siD& the ahilter. The second extra 

cycle is not required for LOAD WORD aod STORE WORD because 32-bit words are always aliped 

with memory. 

t.J. BRISC Hardware Deslp 

Fi&ure 3 is the top level SCALD drawiD& for BRISC (Appendix E contaiu the complete set 

ot SCALD drawinp for BRISC). The BRISC CPU contains the ten modules shown iD Figure 3. 

The control lo&ic is iD the CONTROL module and the other nine modules coustitute the data 

path. Desi&n ot the BRISC data path and control is described in the toilowiD& sections. 

t.J.l. Data Path 

Most data !Iowa from lett to fi&ht ill Fi&ure 3, sta.rtiD& with the iDstraetion address beiD& 

&enerated in PC1 AND ADDRESS and endiD& with the result iD the RESULT LATCH for subse

quent writin& bact to the REGISTER FILE. The tollowinc para&raphs describe ncb or the 

modules iD the data path. 

2.2.1.1. PCa AND ADDRESS 

The top halt ol the PC1 AND .ADDRESS drawiD& in Appendix E eontaiDB the procram 

counters (PCa). BRISC baa three PCa: the Ne%l PC (PCN), Currenl PC (PCC), ud Lul PC 

(PCL). The PCN is iDcremented at the stan ol the iDstructioo cycle, uaed to retell the aext 

iDstr'Uc:tioo, aod, except for jumpe, becomes the PCC at the ead oC the instructioD cyele. The 

PCC holds the value or the prosram counter for the currently executin& iDstructioo aDd the PCL 

holds the 'laat' value or the PC, useful ror interrupts and exceptiODII. 
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CYCLE 1: CYCLE 2; CYCLE3: 
FETCH EXECUTE WRITE 

+1 +2 +3 +4 +6 +6 

S&an Jha4 Ru.cl Decode Elil:ee'l&ioa Biller wm.ar 
Complde: Com~e&c Compie&e Rsd 

sun Decode au.c~ ar 

Tn.m-

J'lGURJC 1. BASIC TD.CNQ CYC1.& ne ~U. qde ol u iannaioa, uci corrspoacWact1 tb ~U.. 

nacs ol ae a:ecuioa pi-pe, &n called l'dcj, /!uetiU, aacl WriU. Al c.ke .ur& ol pb.. I, dao Na~ 

P?ocra~~~ Coaaeer (PCN) 18 pted oaco t•e acb addre• bu aacl b7 dao eacl or plaue I ~. 

lanncdoa ba beea decoded. la pU.. I, dao nro opa-aacl recf,nen U'o read !'rom dao reci~Mr 

lie aacl tke Azldamedc: Lock Ual& (ALU) aad &Alt&er open.dou are Mlec:Wd. B7 Uao ad ol 

p._ '• die ALU aacl 11a.lh operadoae are caaaples.. b plaue I, &•• ,_., ol tke dau..pada 

O~»Uatlo. 18 ba«ered aad ~.lip opdoaaJI7 eseeaded. :F1aal!J, la plaue I dao ren.l& le wriU. 

bad: laeo *'• r~r U.. 

FETCH EXECUTE WRITE 
+2 +3 .. +6 ~ 

ITAJLT 1tSAD 11.- A&.UJM- .u.u.OUT- IIIUlTD r-&ZSULT 

csua nul u 1).& UIIUl.T 

FETCH EXECUTE I WRITE 
+1 +2 +3 .. I +5 I +G 

ITAJLT ltSAD a.- A&.UJM- A&.U.OUT- l IIUn'D I H-aiSlJl. T 
(.U)D L.w.Nl u.c 1-+W UIUI.T 

FETCH EXECUTE I 
+t +2 +3 I ... I 

ITAJLT ltSAD a.- JHIFT.lH- I JBIM.OU1'- I 
(ILL I'.Q..I) I',Q I'<<Q 

+5 
IIUJTD 
USUl.T 

J.I:SU1. T-al!rT.OC1T 

FtOURE 1. ST ANDARO PIPELINE Tlld.INO. ne fo&mc iu&ndioa llre&m i.l 1&11Ya tn.~i.q \lie 

pli1)tia« 

SUB D,Z,? 

ADDL,JJ.N 
3LL P,Q,Jl 

T•• s•uill 18 ct-. A ~erda.l Dae drawa darnp die thno tlmdl.a• woald allow ap eo daree 

liaaalac.a.aeou open.dou oeev~ la dao CPU. 

WRITE 
+G 

.1-«ZS"ULT 
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The bottom halt ot the PC1 AND ADDRESS dnwiD& ahowa the memory addresa &eneratioa. 

There are two aolllCes tor the memory address &oiD' to the csche, one i.a the PCN tor iD.Structioa 

!etches, the other is the AL U Cor loada a.ad stores. The Cache Address Multiplexor selecta the- · 

correct address aource and sends it to the CACHE module. 

1.2.1.2. CACHE 

A csche haa not ~n desi&ned tor BRISC. The 'cxhe' in the dr.r.wiup is a 256 by 32-bit 

memory uaed o1lly to enable SCALD simulation ot the BRISC desi&n. The actual cache would be 

oa a separate board ud would be aimiw to the c3Che desiped for RISC fE. The RISC fE cache 

board contains & c:ache, Traulatioa Butrer, a.ad Ps&e Usage Butrer. 

RlSC/E C&ehe 

The RISC fE c:ache is & Z.wsy set aaaociatiTe data a.ad iD.Structioa csche with 2048 32-bit 

worda. The line sue may be set by aoCtware ud is Tariable Crom 4 to 32 words. The number or 

seta is Tatiable from M to 1024. A write-b:ack policy a.ad lesst recently uaed (LRU) block replsce

ment algorithm ia uaed. 

BJSC/E T:ranalat.lon Bu~er ('I'I.B) 

The purpoee or the TLB ia to store the most recent Tirtual to physical memory a.dd~s 

tr3.11slationa. Aceesaes to virtual sddresses Dot in the TLB are tnpped a.ad tn.nsbted by 

IOltware. The TLB is a Z.way set associatiYe butrer that stores 1024 address translations and 

ueociated memory protection snd repb.c:ement iD!ormatioa. 

RISC/E Page Uaace Bu1rer (PUB) 

The PUB contains reference snd modi!lcstioa history Cor es.ch physic:JJ pa~e frame. This 

iDCormatioo is updaud by hardware and uaed by the pa&e repl:acement aoftware to identify pa&es 

to be repl:aced when more phyeic:JJ page frames ue required. 

1.2.1.3. REGISTER 11LE 

The REGISTER FILE module cootaiu two seta ol 128 32-bit rePsten ued !or the system 

ud uer tePster lUes. Two independent resd reqaest.l, or s single write request, may be serTiced 

ia a aiDgle clock ph38e. The dual re3d is implemented by uiD& two redundant copies of the regis

~ Both copies ue written aimulbzleouly, bat sn resod independently to retrieve two operuda 

ai s time. The re&ister ale ~mory is implemented with ei;ht ZSI3x4-bit FujitA ECL RAMs. 

The RAMs haTe a 1 D.S seeesa time. 
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The REGISTER FILE module 511pporia mappiD& the 128 re&isten into the virtual address 

space so that executin& processes may accesa aoy of the 128 repten by retereDciD& the appropri

ate virtual addresa. 

1.2.1.4. ALU PATB 

The ALU PATH module coDtains a high-speed ALU ud cazry lookahud uDit, iDput multi

plexors aod iDput/output latches. Each or the two iDputs ol the ALU CSII accept data from two 

iDdepeDdeDt aources. The sources may be either oC the two soarce re&isters specified iD the 

iDstruction, immediate data contained ia the iDstructioo, the Cuneat PC tor relative addresaia&, 

or the result or the previous iDstructioa. ALU PATH output ia routed to the RESULT LATCH 

Cor writin& to the REGISTER FILE ud also to the Cache Addresa Multiplexor iD PC1 AND 

ADDRESS to be used u the memory address ror branches, loads ud stores. All ALU operationa 

execute iD a single clock phase. 

1.1.1.5. SHIFTER PATH 

The SHIFTER PATH module performs 1- to 32-bit left or ri&ht shirts with optional siln 

extenaioo. Input multiplexors ud latches select from the same set of inputs used by the ALU 

PATH. The output ia latched and routed to the RESULT LATCH tor writing to the REGISTER 

FILE. 

The basic shift part proTided in lOOK ECL cu ooly do a lo&icalshilt filht or a rotate. The 

BRISC instruction set also requires arithmetic shuts ud lett shifts. Arithmetic shiftin& is pro

vided by extendin& the sip bit of the 32-bit operacd to u additional 32 bits aod makin& it the 

upper 32 bits ol the 64-bit input to the shifter. Left shiltin& ia prOYided by haTin& a path iDto 

the shirt.er that reYerses the input bita ud theD reverses the result bita ou output. 

1.2.1.&. SPECIAL REGISTERS 

The SPECIAL REGISTERS module coDtaina the Pro&ram Statu Word (PSW), Current 

Window PoiDter (CWP), aod SaTed WiDdow PoiDter (SWP). The PSW holds the ALU conditioo 

codes ud a byte of CPU status b.p. The CWP coata.ina the counters aod repters uaed to poiDt 

iato the curread::r active poeitioa iD the system ud user re&iater lUes. The SWP points to the 

laat words of the system ud user re&ister files that are ill memory ud prOYides detectioD of regie

ter window overflow aod udertlow for CALL aod RETURN. 
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2.2.1.1. RESULT LATCII 

The RESULT LATCH module ia composed ol a .._way multiplexer aDd a 32-bit lat.cla. It 

serves to ba!er the result ol a computation at the end or e3Ch eycle. The (our inputs to the 

RESULT LATCH are the .ALU PATH oatpat, the SHIFTER PATH output, one REGISTER 

FILE output aDd the Current PC !rom PC1 AND ADDRESS. The output. ia routed to the 

REGISTER FILE Cor re&ister writes and to the result bus (RBUS) Cor re&iat.er rorwardin&. Re&ia

&er rorwardin& is required when an instruction requires the result. ol ita precedin& instruction. 

Because ol the nature ol the pipeline, the result. will Dot. have been written back to the r~r 

ale, so it. ia routed directly to the input. multiplexors. 

2.2.2. Control 

RISC processors schieve hip per!ormaDce by optimilin& the data path, uot by expaDdin& 

control. The simple instructio11 set resulta in simpler control thaa is round ill conventional proces

IIOf'l. Control conaiata ol pipelined Iat.ches driven by coat:ol RAMs. The RAMs are uaed to 

decode iDatructiou.s sad control the data path. Control ia described in t.erma ol hardware, con

t.eata ol the control RAMs, and t.he support proceosaor used to pro&r:un the control RAMs. 

2.2.:.1. Control ~wan 

The CONTROL modale eonsiata or a pipeline of three latches that. correspond to phaaes 3, 

4 and 5 of instruction executioa. Inst.ructioas are stepped throll&h the pipe and decoded durin& 

phases 3 and -4. Movement ol coat:ol dat.a throap the control pipeline corre3ponds to the move

ment oC data throa&h the execution pipeline ia the data path. 

Decodin& ol inatructioaa is done with RAMs ia the PHASE 9 DECODE RAM and PHASE 4 

DECODE RAM modules. Input. to the RA.\ia consiata ol the opeode md lmmed~u Beida oC the 

executin& instructioa, the oatpata from the RAMa are the control si&nala Cor the dat.a path. 

The pipeline is controlled by another aet oC latches in t.he PIPELINE CONTROL modale. 

Input to PIPELINE CONTROL consista ol t.be Pipe Control bita &~neraied by the PHASE 9 

DECODE RAM. These bita control insertioca o( one or two extn. cycles for LOAD and STORE 

instructions. 

2.2~~. Control 'Mluocode' 

Stone defines microproy:ammin& aa 'the ue ol at.on&e to implement the co.ntroi ll.Dit.' 1 By 

this definition, the cont.enta of t.be decode RA.\£5 in CONTROL are the BRISC equivalent or 

microcode. BRISC microcode, howeTer, i:s much simpler thaD tr~itionsl microcode. Tndition

ally, a variable nam~r oC mkroiDJ!tructiol15 are executed per ID3.Chine i.n.strudion. Sequencing or 
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mkroinatructiou is uauall7 controlled by bita iD the microinatruc:tions ud a microiutruc:tion 

counter. BRISC always fetches ex:a.ctly two microiutructiou per RISC iutruc:tion, thus BRISC 

does not require a microinstruction coanter or complex aequencin& control Sequenc:in& or the 

mic:roc:ode ia controlled only by the iutruc:tion stream; each opcode Beld is decoded to the 54-bit 

microcode word durin& Phases 3 ud .f. Only two bita alec:t timin& iD any way, they are the Pipe 

Control bita described above. 

A microcode aaaembler c:3lled DAPL ia used to create microcode [or BRISC. li Only a au~ 

set or the lull capability or DAPL is required bec:~use or the simplicity or the BRISC mic:roc:ode. 

DAPL is used primarily to allow ror symbolic: Dames iutead or abeolute bit patterns iD order to 

identify the Beld names :and Beld contents or the microcode. Symbolic: Beld names :and c:ontenta 

aimpliry shufl'lin& bita aa the microcode is tinalized. 

The mic:roc:ode for BRISC haa not been completed. Enoap microcode haa been written to 

allow simulation or the BRISC arithmetic: iutruc:tiou. A liatin& or the microcode aa DAPL input 

ia inc:laded in Appendix F. 

J.J.2.3. Support Proceuor 

The support procesaor iDitializes c:ooteota ol the control RAMs. The support proces!!Or may 

aJao be used to debu& the BRISC hardware. Sei'W inputs :and outputa or the edse-trigered &hilt 

re&isten used aa latches in BRISC may be tied to&ether to allow scan-in sc:aD-OQt or proc:esaor 

state by the support processor. Some or the llow-throu&h latches currently used by BRISC may 

be converted to ed&e-trigered shirt resiater latches to provide more or the processor state to the 

support processor. Additional hardware may be added to allow sinde steppin& the BRISC CPU 

with the support processor. 

The iDterface to the support processor haa not been desi&ned, aor baa a support processor 

been aelec:ted. It. is eDTisioned that the interface to the support procesaor will have minimal 

impact on the BRISC desi&n, ud that uy commercially available mic:ro or minicomputer may be 

used ror the support proc:esaor. 

a. Performance .Anaq.!a 

BRISC perlormuce is estimated in terms ol benchma.rk performuce, ud is compared to 

the same benchmarks nLD on other hiP performance computers. 
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J.l. BRISC Perfol'mauce 

BRISC performance ia determined by the spe-ed or the CPU, memory, and Input/Output 

(1/0) subsystems • and alao by the de&ree or overlap or esch. De&ncfatioD or performance by the 

1/0 subsystem is wumed to be minimal Cor the benchm3lks used, and is not considered. The 

beDchmarb do not include system overhead because t311t time ia me:aaured instesd or elapeed 

time; therefore, system overhead ia !lot coDSidered. 

As a result or i&norin& I/0 and system oYerhe3d, only CPU and memory subsystem speed is 

ued to determine BRISC performa.cce. CPU speed ia lint coDsidered to determine the CPU cycle 

time; theD thia time ia de&raded by the memory subsystem O'f'erhesd to c3lculate 3.11 estimate o( 

BRISC perlorma.cce. 

BRISC performance e~culatioe cu only be an approximation because ol the number o( 

Yariables thai ai!'ed performance. As a result, three BRISC perloniWlce 8&ures are calculated 

uin& three seta ol aasumptiooa ror the performance variables. The three performaDce B&ures pro

Tide a simple seDSitivity analysis ol the uaumptions made, and are ideDtiBed u BRISC A, BRISC 

B and BRISC C. BRISC A ia a 8ctitious best C38e B&ure, unattainable but a re:aaonable upper 

bound oa perlormaDce. BRISC B ia a middle or the road B&ure, with cooae"a.tin estimates used 

to calculate a plauible estimate ol BRISC performance. BRISC C uses worst cue f!&ares to pve 

a lower bound oa per!ormuce. 

3.1.1~ CPU Speed 

CPU speed ia determined by the baaic CJ"de time ol the CPU and the number ol CJ'cles per 

instruction. These numbers are presented, and suuestiona made ror possibly improvin& the 

BRISC CPU speed. 

3.1.1.1. CPU Cycle 'I'1me 

The SCALD system timin& nrifier waa u.sed to determine the BRISC CPU cycle time. The 

SCALD timin& verifier uses worsi c38e minimum and msx.imum delay times through all parta ol 

the desip to find timiD& errors. Output o( the timin& nrifier may be used to c3Jcul.ate worst c:aae 

loP: delays. The timin& nrifier iden ti.f!ed the ~r ale rnd u the wom c:sse path throu:h 

tJae CPU. The ~ister ~ i.s in the critie3l path bec3use ol the time required to do the r-ePater 

address c~culat.ion and the time required to read the re&ister Ble RAM (7 DS a.cee:sa time). The 

minimum time fot a reciater ~ rnd indudiD& address e3.leul.atioa J.Dd RAM a.cee:sa time » 18.5 

u. .AMumin& eqa~ Ien&t.h pha&eS, the BRISC minimum cycle time is therefore 'S: u. 

A 37 u cycle time aaaumes worst e:ase lo&ic deLays, but no wire delays. Win delays s.eeout 

for aboat halt the eyde time ol many hi&h per!ormuce CPUs, so the 37 llS eyde time for BRISC 
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needs to be corrected ror wire delays. The SCALD system does not. include a physical design sye

tem, so a.:curat.e values ror the wire delays in BRISC are not. available. 

SCALD does provide a meau to input. m estimate of wire delay. Wire delay input. ia 

apeci!ed as a minimum ud maximum delay to be used oo all wires. The minimum md max

imum numbers are used to 8Dd wont. case delays u determined by wont. case wire delays aDd 

wont. cue lo&ic delays. Fi&ure 4 shows the alect of di!erent. values of worst caae wire delays on 

the BRISC cycle time as reported by the SCALD timiD& veri!er. 

30 
0 0.2 0.4 0.11 0.8 1.0 1.2 1.4 1.8 1.8 2.0 

lWCI)(UW 1I'IRJ: DIUY (lUI) 

Figure 4. BRISC CPU Cycle Time 

The BRISC CPU baa been desi&ned to It oo a siD&Ie board t.o keep wire len&tbe short and 

t.o aYoid the delay peDalty of connectors to other boards. It is .. umed that chips will be loested 

oa the CPU board such that wire delay ia minimised throup the wont caae path. For example, 

tile rqister &le address &eneratioa IO&ie will be located ia a small area t.o minimize wont cue 

wire delays. 

A best eaae wire delay of 0.0 na is ued ror BRISC A, a mediaD wire delay ol 0.5-1.0 ns ia 

ued for BRISC B, and a wont ease wire delay of 0.5-2.0 na is used ror BRISC C. The resultin& 

CPU cycle times are :r1 na for BRISC A, 46 na ror BRISC B, and 63 na ror BRISC C. A median 

wire delay of 0.5-1.0 na is considered reasonable becau.se mast. ol the parts iD the critical path cu 

be kept to&ether. Adjacent ICa have a 0.5 as delay between them, so m~ wires iD the critical 
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path should be e!oee to a 0.5 u de-Jay. A tew wires may be lon&er thaD 2.0 na, but. the averS&e ill 

the wom caae path is estimated to be 1.0 u. 

1.1.1.2. CPU C)'el• Per rn.truc:t1oD 

.A. at.a&.ed ill Sectioa 3.1, BRISC complete. aa inatnctioa enry cycle except. tor the LOAD 

ud STORE instructions that add u extra oae or two cycles. RISC I requires oae extra cycle for 

LOAD ud STORE, ud thia extra cycle was couidered in the original RISC I benchmarks. These 

benchmarks will be used to c3lculate BRISC performance, 50 the a!ect of a single extra cycle for 

loada ud stores will be included. RISC I did not require a third cycle ror unaligned loads ud 

stores u required by BRISC. ne benchmarks considered, however, oaly use 32-bit. data. 50 all 

loada ud stores in the benchmarks require only two cycles, a.nd the third cycle may be safely 

ipored. 

The a!ect of una.ligned low and stores oa pro&f3Ull other than the benchmarks should be 

minimal. Low ud stores caD be conaernt.ively estimated to occur in 20% ol RISC I instruc

t.iou. Even it halt ol the low a.nd stores are unaligned. the total aired oa BRISC perform&nce is 

aD 8% degradatioa in throughput. This performance degr3datioa In3Y be avoided by using only 

32-bit dat.a. 

1.1.1.3. Desip Chan~ 

AD advaDta.&e oC usin' SCALD Cor designing a computer i.a that experiments may be tried 

with s1i3htly di!erent architectures to lind the onnJJ impact. on performance ud c~ ol s.ltern3oo 

tive architectures. All architectural festure is justi!ed only it the benefits oC the feature outwei3h 

the cost. For ex:ample, it a r~t.ure add. 3 u per phMe (6 DS per cycle) to the critical path 

because of a single lope delay .and a wire delay, then t.ha.t feature incre:saes t.he .f7 ns cycle time 

ol BRISC B by 13%. The !esture is there{ore Dot worthwhile nl~ it makes up for the 13% 

decrease in CPU cyde time. 

EveD il a resture does Dot sdd pte debys to the critics.! path, il sdditiona.l chipe are 

required, the room required by ~he sddit.ion2.1 chips may add wire delays to ~he critic:t.l path, md 

the additional chips ldd to the total cast. Performance J.Dd cost impact is much more senre it 

a.ia additional board is required. 

A few architectural experiments hn been ruD oa ~he BRISC desi3n. The AL U PATH, 

SHIFTER PATH, .and CONTROL modula were red~iped senra.I ~imes to decre:ase ps.rta count. 

.and incresae speed. This a.ecuoa describes some furt!ler experiments that should be tuD to lind 

the coet ol speciic arehitectun.l !estures. The ch:lD&es are &roupeU under desi&n deietiODe, d~i&n 

enha.ucements, J.Dd other chan~es. 
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D•lp Deletloaa 

SEPARATE SYSTEM AND USER REGISTER FILES: The RISC I architecture does not 

iDclude separate system and user re&iater Illes. The separate Illes were added by RISC fE because 

the siD&Ie 128-word re&ister flle required by the RISC I architecture occupied only half of the 

256-word RAM. The 11Dased half of the RAM wu allocated to a aec:ond repster flle. Sepan.te 

l)'stem and uaer rqimr flies do not directly aJfect BRISC CPU performance, but they do add 

complexity and parts to the BRISC CPU desip and u a result may impact overall CPU perlor

mmce. Complexity ia added because ten re&isters of eacb re&ister flle are devoted to the &lobal 

rqiaters, which are shared by all re&ister wiDdows. In order to avoid addresaiD& the &Jobal re&ia

tera iD the repster tile RAMs, additional RAMI are used (the ADDSUB module) to increment the 

Current Window Pointer (CWP). If the system repstera were deleted, the &)obal registers could 

be moved to the unused halt of the register !lie RAM, counters could be used instead of the 

latches currently used iD the CWP, md ADD SUB deleted. The system CWP aad SWP could 

also be deleted, for a total chip saviDp ol over g chips. CPU performance may be improved 

because of the smaller number ol parta, bat system performance may be de&raded because of 

slower switc:hin& between system md user modes (but only it system mode required a sepante 

stack from user mode). 

REGISTER FILE: SiDce the re&iater flle ia in the critical path, an interestiD& experiment 

would be to delete the rezjster llle entirely and replace it with a sin&}e set oC repsters M used in 

conventional architectures. Then re&ister address calculation woald be geat.ly simpWled because 

the CWP would no lon&er be required and the re&ister addreaa determined only by the re&iJUr 

number bits iD the iDstructioa. Deletin& the re&ister flle would save at leaat two &ate delays and 

aMOCiated wire delays for a total savmp of at.ln.ai 5 u per phase (10 u per cycle). A savmp of 

10 na translates to a 21% performance increase tor BRISC B. More than 30 chips woold also be 

deleted from the desip. The resultin& CPU would be si&niflcantly Iuter aad smaller, but cslls, 

returns, and accesses to local variables would take many more iutractiona than required by the 

RISC I iDstructioa set with the re&ister flle. More analysis needs to be performed to flnd the true 

cost of the re&iater flle. 

REVERSE SUBTRACT: The REVERSE SUBTRACT iDstructioa allows the two source 

operanda of an inatruction to be subtracted iD the reverae order from the SUBTRACT' in.straction 

ud ia of questionable utility. REVERSE SUB1'RAC1' hta not been deleted bec:aose it does not seem 

&o have any impact on the BRISC CPU performance or coat. 
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MULTIPLY: ~ will be ahowu iD the benchmui: sectioa, BRISC performs well Oil bench

mari:a with multiplies, e~en without a A/UL TIPL Y inatraction. But BRISC could be made even faa-· · 

ter il MULTIPLY could be added with little impact to the rest oC the CPU. This could be aceom

pliahed by addin& a sin&le chip multiplier in panllel with the ALU. Current)J available sin&le 

chip multipliers are sipiacantJy slower than the BRISC CPU cycJe time, but are 1ettinc raster. 

~ raster multipliers become available, a multiplier will be a aseful addition to the BRISC CPU. 

FLOATING POINT: BRISC is not well suited tor problema with hesvy ftoatin& point 

emphasis because of the lack oC ftoatin& point hardware ill the BRISC CPU. Floatin& point per

formance oC BRISC could be enhanced by addin& hardware to do the time coneumin& taau oC 

loatin& point opentiou. TlU.a ia iD keepi..n& with the RISC philoeophy ol addin& hardware only 

tor time couumin& t:aau. A p0118ible addition tor 4oatin& point is the multiplier mentioned in the 

pre~ioua par:acnpia. Another addition would be a leadin& seroes counter to be used with the 

shifter tor normalization. Idesl)y, cha.n&es ror ftoati.a& point should Dot complicate colltrol, 

iDetead they sbould only enhance the data path Cor ftoatin& point operatiou. More research is 

required to identify the best way to 3dd ftoatin& point to a RISC procesaor. 

Rededp 

MULTIPLEXORS VS. OPEN-EMITTER BUSSES: BRISC uses two methods for seleetin& 

one oC aevenl sources into a.a input. One is a multiplexor on the input; the other is an OR-~ate 

tor exh ol the sources with outputa tied ~ether oa aD ope~mitter bua. Examples of multi

plexor input can be Coand in the .ALU PATH ud SHIFTER PATH inputa. All example ol an 

open-emitter bua ia the result bua (RBUS) which ia drivell by the Laat PC, Clanent. PC md the 

RESULT LATCH. Open-emitter bUAeS hs~e less lo&ie delay, but can have lon&er wire delays 

bec:aase ol the len&th of the bul!l5es and tr:u1smisiion line e~ecta &loa, the bu!!eS. Open-emitter 

bueses should only be used il the sources are dose ~ether, or ii there are too m:u1y destinations 

to add multiplexors on every input. More analysis may show that BRISC should ase a dii!erent 

mix ol multiplexors and open-emitter btJMeS to illere:sae performance or deere:sae eoei. 

SHARED MULTIPLEXORS: Basain& msy &bo be improYed by combinin& multiplexors. 

For exsmple, J.Dalyeia may show that. the SPECIAL REGISTER input multiplexor may be com

biDed with the .ALU PATH input multiplexor Cor a sa~inp or six parta. Shsrin' multiplexors 

may han IJl adverse a!eet OD CPU perlorm3.1lce bee~se olloo&er wires eso.&ed by the aharin& or 

a ain&Je multiplexor between two lo&ic~ poniou of the CPU. 

REGISTER ADDRESS CALCULATION: h stated preTio~ly, ~ter addr~ eslculation 

ia a major contributer to the critical path of the BRISC CPU. Repter address ealeulation should 

be redesiped to save 'ste J.Dd wire deaye ill the critical path. One or two ~ste debye may be 
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sand by reallocatin& eome or the nndom lo&ic ued for repter lddrtS cslc:ubtioD. The 

expected performuce increase ia betweeD 2 ud 5 DJ per phaae (4 to 10 Ill per cycle), for a perl'or

muce laiD or betweeD 0 ud 21% for BRISC B. 

1.1.2. Memoey Speed 

SectioD 3.1.1 demed the CPU cycle time for BRISC ud suuested methods ol improvin& 

the cycle time. CPU cycle time waa derived for BRISCa A, B, ud C by asin& three seta or 

uaumptiona for wire delay. Tbe purpoee of thia seet.ioD is to derive Dumbera for the cycle times 

or BRISCa A, B, ud C wei&flt.ed by the delays caaaed by the memory 10bsyatem. These Dumbera 

sre aaed to calcabte the speed or BRISCa A, B, ud C relative to a 400 na RISC II processor. 

Performance or a 400 Ill R ISC n processor is Dot decnded by the memory subsystem becauae 

address traoslatioo aDd maiD memory access occur withia a aincle 400 Da cycle, so no cache or 

TLB ia required. 

Memory subsystem performuce is determined by maDY factors iDeludin& cache perl'or

muce, virtual memory performuce, ud access time ol maiD memory. These factors interact 

with each other ud with the CPU performuce. 

This seetiOD uaumes that the overhead incurnd by the virtual memory for BRISC is 

minimal. Virtual memory overhead includes virtual address tranabtioll time ud Pa&e fault time. 

Vutusl addres traDibtion time cao be kept low with the uae of a Tranalatioo Bu!er (TLB). For 

example, the observed hit ratio for the Amdahl 470V /6 TLB ia about 90.6 to 00.7%. 21 The 

peoalty incurred by pqe faults can be kept low by aain& a larce physic:JJ memory to keep the 

pa&e fault rate low, ud by switchin& processes durin& disk acce!8el caused by pa&e Caulta to 

minimise their a!ect. 

It virtual memory overhead ia assumed to be low, theD memory subsystem perfofDWlce is 

determined by the cache performance aad maiD memory access time. Factors aft'ectin& cache per

fonDSilce include cache size, line aile, set sue, cache budwidth, maio memory bandwidth, cache 

fetch Jtl&orithm, placement Jtl&orithm, replacement slcorithm, write-throup vs. write-back, cache 

priorities, ud prefetch. Smith provides u excellent discusaioD ol these factors. 21 AppeDdix B 

sbows the variability ol these factors for tome typical commercial computers u preseDted by 

S'a.ith 21 , Pier ta ud Clark. s 

For purpoeea ol determinin& the memory subsystem performuce, the cache performance 

factors meDtioDed in the previous paracraph may be sumnu.riled by t~ performuce aumbers: 

the access time or the cache, the cache hit ratio, ud the memory waitins time due to cache 

miaaea. Access time ol the cache is the time measured from the stan or a memory request by the 

CPU to the time the request. ia fulSlled by the cache wheD there ia a cache hit. CJ.Che hit ratio ia 

the perceDta&e or CPU memory refereDces that are roand in the cache. Memory waitin& time is 
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the avera&e time that the CPU mas~ wai~ tor a cache miss. S 

ne access time or the cache should be desiped to be a~ leu~ aa taa~ aa the cycle time or 

the CPU, ot.herwiae the CPU wiD never run at fuU speed. The lOK ECL RISC/E cxhe is the" . 

same speed aa the lOK ECL RISC/E CPU; therefore, it is aaaumed that a lOOK ECL cache may 

be built tor BRISC with the same cycle time aa the lOOK BRISC CPU. 

Besi caae performance tor the memory subsystem ia a hit r3Le ol 100% so thai the CPU 

always ruaa ai tuU speed; BRISC A assumes a 100% hit r3te aa the upper bound oa performaDce. 

Fi&ure S plata the a!ed or cache hit ratio ud memory waitin, time on BRISC B and 

BRISC C perf'orma.nce (Appendix C includes the data uaed to &ener2ote Figure S}. Three curYes 

are showu tor each proc~. one esch tor -400, 800, and 1200 u.s memory wait times. BRISC A 

with no memory wait time ia &lao included ror reference. 

Smith Zl preseata a.aalytic resulta ot e3.ehe hit rstios ot over 9Q% tor typical caches. He also 

presenta empiric:U results ot cache hit rstiaa or onr 98% Cor user state pre&n.ma oa the Amdahl 

410 with a 16K exhe. Simulatioaa performed by DEC tor the PDP-11/70 cache showed a hit 

rstio ol over gg% tor a 2K cache with a line sue ot roar words. 2 Baaed oa these resulta BRISC B 

will assume a cache hit ntio ol gs% aa a reasonable estimate or cache penorm:a.ace. 

Both the ualytic and empirical curves presented by Smith 5eldom show less tha.n a QS% hit 

rstio. DEC's simalatioaa &lao show better tha.n a QS% hit ratio tor a 1K e3Che with a line size or 

one. A. a wom ease estimate, BRISC C will use a %% hit ratio. 

Memory waitin& time msy be approximated by the cycle time ot main memory, aa Ion& aa 

the line size equals the sue ol the path to m:Wa memory. Memory waitin' time may be m:ade less 

thaD the cycle time ol main memory by uain& write buft'en, bat some ol this pia may be !oat 

becaaae ot interference from pre-(ekhes. Smith reporta typicaJ main memory access times o( 300 

to 800 na Cor the Amdahl 470V /7 and IBM 3033. These namben are similar to the maiD memory 

access times ol smaller computers such aa the Sun Worbtationt, wh.ich baa a maiD memory access 

time ol -400 na ineiudin& Tirtusl address tf&D!I..ation time. :2 Clsrk reporta a main memory access 

time ol 1200 to HOO na for the V AX-11/7WJ. s BRISC A ia 11ot deeted by maiD memory access 

time siDce it baa a 100% hit ratio; BRISC B aaaume:s a -400 u.s maiD memory access time and 

BRISC C a~~aames a 1200 u.s main memory access time. 
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U. Benchmark CompulloD8 

Table 1 summarues the per!orm:mce oC BRISCa A, B, aDd c baaed OD the resulta or Sectioa 

3.1. The cycle times ol 31, 53 ud 120 u were divided into the 400 na cycle time oC RISC n to 

determine the ratio ol BRISC cycle time to RISC Il cycle time, which is ahoWD iD the bottom !iDe 

ol Table 1. Thia ratio is uaed to calculate BRISC performance i..l1 the !oUowins benc:hmstk.a. 

Table 1. BRISC -~ B and C Performanea Summary 

FACTOR BRISC A BRlSC B BRISC C 

Losic Cycle Time (u) 31 31 31 

Clock Skew (::!:: aa) 0.0 0.1 0.1 

Minimum Wire Delay (aa) 0.0 o.s o.s 
Maximum Wile Delay (ns) 0.0 1.0 2.0 

TOTAL CPU CYCLE TIME Ins) 31 46 63 

Cache Hit Ratio 100% gg% 9S% 

Miss Penalty {na) 0 400 1200 

EFFECTIVE CPU CYCLE TIME (nsl 31 53 120 

BRISC)RISC n Cycle Time Ratio _og .13 .30 

The ori&inal RlSC n benchmarks were rua with a RISC simulator. The RlSC simulator 

takes into a&:count the extn cycle requited !or loads and stores, ud also takes iDto a&:count the 

a6ect or repater window apilla into main memory. Three benchmsrks are presented, the Puz:le 

pro&nJD, TAK LISP benchmark, aDd UNIX Portable C Compiler. Three benchmuu sre used to 

measure BRISC per!ormlUlce !or di!erent applications. Each benchmatk presenta the time in 

aec:ooda to execute the benchmark. Benchmark performaDce ia a.lao presented u a multiple o( 

V AX·ll/i80 performance, shown u the rstio ol the number ot aeeonda ~aired by the VAX 

divided by the number ol aeeoada required by the computer bein& meuured. VAX performance is 

ued becsue the VAX haa becomes peeudo«2.11dsrd ror ~mpariaoa, ud bec:&ue s BRISC com

pater could be built ror about the coet. of a VAX. 

Puule Procnm 

The Punle pro~ is a recunin puule solvin& pr~ oripnated by Forest Baskett thai 

has been a.sed to benchmstk many mainlr3.Dle and minicomputers. Selin&er li presents liatinp ol 

the Puule pre&r:am aDd sources ol Punle benchm:ark d~ta !or m3Dy computen. P:ltte~n and 

5eq11ill14 identify benchmsrk resulta !or s 400 aa RISC L Table 2 l.i8ta the resulta oC Puule 

benchmsrka ror BRISCa A. B aDd C relatiTe to the Selin&er ud Pstter!Oa numbers. Tsble Z oaly 

Jista the better umbers where con4ictin& dat~ is anil.able Cor the same aachine. BRlSCa A and 

B outperform sll :lVailable Puule times; even the wom caae BRISC C outperformed all bench

msrb except. for the best time M!port.ed Cor the Amdahl 470V /8. 
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Tablet. PuuJe Benehmark Resulta 

MACHINE 
TIME 

LANGUAGE COMMENTS 
CPU 

sec VAX sec/sec COST 

BRISC A (37 u) 0.3 11.8 c pointers $1321< 

BRISC B (53 na) 0.4 8.3 c pointers U32K 

Amdahl 470V /8 0.7 5.0 c pointers, fel T&l'l SHOOK 

BRISC C (120 ns) 1.0 3.6 c pointers $1321< 

Amdahl 470V /8 1.1 3.2 c poiuten $1100K 

Amdahl 470V /8 1.1 3.2 Pascal ao rao&e chectiD& snooK 

Amdahl 470V /8 1.2 2.1» c re& van snooK 

mM3081 1.4 2.5 Pascal S3260K 

Amdahl 470V /8 1.6 2.2 c aubac:ripta snooK 

S.lMartl 2.0 1.8 Pascal aubac:ripta S2000K 

Dorado 2.0 1.8 Mesa poiuters tusK 

Amdahl 470V /8 2.3 1.5 Pascal snooK 

Dorado 3.0 1.2 Mesa subac:ripta tusK 

RISc n (.roo as) 3.2 1.1 c pointers $10K 

VAX 11/7PIJ 3.5 1.0 c poiaters $132K 

DEC 2060 4.4 0.8 Pascal pointers S502K 

DEC 2060 4.6 0.8 c pointers, haod opt S502K 

VAX 11/7PIJ 4.6 0.8 c aubac:ripts Sl32K 

RISC U (.WO na) 4.7 0.7 c aubac:ripta S10K 

DEC 2060 4.7 0.7 c aubac:ript.a, hud opt $502K 

DEC 2060 5.3 0.7 c poiuters S502K 

DEC 2060 5.4 0.6 Psscal aubac:ripta $5021( 

DEC KLlO 6.0 0.6 c pointers SS40K 

VAX 11/7PIJ 6.1 0.6 Psscal aabacripta S132K 

PDP 11/70 6.4 0.5 c pointers S70K 

DEC 2060 7.3 o.s c aubac:ript.a SS02K 

mM 1ss 7.5 0.5 Psscal aubac:ripts $1SSOK 

68000 (8 MH:z) 17.0 0.2 c pointers, nanix tiOK 

TAK Benchmark 

The T AK benchmark ia a Jaeavily recursive function ued to measure the eliciency ol LISP 

procedure calla aa weD aa the ef"JCiency of LISP lxnam ud bi&nam arithmetic. 17 Fixnum arith

metic refers to iDte&en of bounded leo&th, whereaa bi&num arithmetic refers to iDte&en ol 

abounded len&th. Fi&ure 6 ia a listiD& of the TAK beachmart. Table 3 presents the results 

reponed by Ponder compared to the times calculated for BRISC. BRISCa A ud B a&aio outper

form all available benchmarb; BRISC C ia oalJ beat by the Dorado. 

Poader estimated RISC I performance for LISP by compiliD& the LISP code OD a VAX ud 

Jaaod traDSlatiD& the output to RISC I uaemblJ code. Ponder states that a LISP compiler optim

ised for RISC could be built with better performuce than is shOWD iD Table 3. Recent studies 

by Poader show that with minor enhancements a 400 u RISC proc:eMOr could be built that exe

cuted the TAK benchm31't iD under 0.66 seconds. This traD.Slatea to times of 0.06, O.OQ and 0.20 

secoada for BRISCs A, B, ud C (5.6 to 18.0 times faster thao a VAX). 
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J'taun &. TAK Benchmark 

Table 3. T AK Benehmark ResuJta 

MACHINE 
TIME 

LANGUAGE 
see VAX eejsef! 

BRISC A (31 na) 0.2 s.g PSLfFran: LISP 

BRISC B (53 DS) 0.3 4.2 PSL {Frans LISP 

Don.do 0.5 2.2 IDterLISP 

BRISC C {120 u) 0.6 1.8 PSL IF ra.DJ LISP 

DEC KLlO 0.8 1.4 MaeLISP 

VAX 11/iYJ 1.1 1.0 Frsns LISP 

RISC n (-100 DS) 2.0 0.6 PSL IF I"SDI LISP 

68000 (8 M1b) 2.g o.g PSL SYSLISP 

Dolphin 5.7 0.2 InterLISP 

C Compller 

CPU 

COST 

$13:!1< 
$13:!1< 
tusK 
$132K 
$S40K 
U32K 
$10K 
SlOK 
S.WK 

Miroe ported the Portable C Compiler by Ste<re Johuon 1 to RISC L 12 Alter portin& the 

compiler, Miroe compared the perlormSDce oC the VAX Portable C Compiler ntnnin& on a VAX to 

the VAX Portable C Compiler ntnnin& on a 400 llS RISC L His resalt.a are presented in Table 4. 

BRISCa A, B, and C sre all signiJicsntly raeter tw a VAX 

Table .f. VAX Portable C CompUer Benehmark Resulta 

LD.C SORT.C PUZZLE.C CPU 

MACHINE COMPn..E TIME COMPILE TIME COMPILE TIME 
COS"l' 

see YAX see/&ee ee VAX ee/se-e se-e VAX se-e /se-e 

BRISC A (37 DS) us 17.8 1.0 17.7 0.3 1Q.4 $132K 

BRISC B (53 ns) 2.2 12.5 1.4 12.4 0.4 13.5 $132K 

BRISC C (120 DS) 5.1 5.5 3.2 5.5 o.g ~.0 U32K 

RISC ll {400 u) 16.g 1.7 10.6 1.6 2.Q 1.8 UOK 

VAX 11}780 27.g 1.0 17.4 1.0 5.2 1.0 $132K 

•· .. 
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Benchmark Su11UD&17 

Fi&ure 7 ia a summary olaome of the results from the above benchmarks. The best times 

are shown for four mainframes, two minicomputers, and two microcomputers. Performance is 

shown 11 a multiple of VAX performance. BRISCa A and B outperform all the listed computers, 

and BRISC C ia competitin. Uain& BRISC B aa the best estimate ol BRISC performance, BRISC 

il 8 to 13 times flllter than a VAX for C procrama, and .f times faater than a VAX for LISP p~ 

pama. 

Much u performance is determined by the combination ol many factors, 10 ia cost deter

mined by muy factors. Selin&er defines computer workstation coat u the sum or the m:uaula.c

turin& and labor coeta or parts, boards, cables, lope ca&es, backplanes, cabinets, power distribu

tion back p:uael, rront p:uael, aaaembly, and teat. li He then defines price aa the sum of m:uaura.c

turin& cost, development cost, uJes cost, se"ice cost, and profit or loal. It ia beyond the scope of 

this paper to estimate the Talues of all these items to calculate the price of a computer built 

around the BRISC CPU. Inatesd, the cost ol a BRISC computer wiD be estimated by comparin& 

BRISC to an exiatin& computer to calculate the relative price of BRISC. The Dorado g computer 

by Xerox wu selected u the existin& computer for comparison becsase it is also an ECL com

puter, and ia about the same sue u a system built around BRISC. 

The Dorado is a hi&h-perf'ormuce personal computer conaistin& of 3200 medium scale 

intepted components (not includin& memory), most ol which are ECL lOK. 1• The Dorado coD

taiu enrythin& a BRISC computer would need includin& up to 8 Mqabytes ol main memory, a 

hip-perforJDa.llce cache with a 30 Dl cycle time, peripheral interlaces, and a lar&e 2050 watt 

power supply producin& sufficient power and ECL Toltqes (-SV at 2SOA and -2V at 7SA). 

The colt for a BRISC computer ia calculated by comparin& the cost of the BRISC CPU to 

the Dorado CPU and keepin& all other coeta the same. The diJrerence in cost of the two CPUa is 

found by fint determinin& the di!erence in the DUmber of chips. To compare the number of chips 

iD the Dorado with the number of chips iD BRISC, a lower bound ia determined for the number of 

chips in the Dorado that would be replaced by the BRISC CPU. 

The Dondo conaista or up to 24 boards with ap to Z88 chips per board. Fin ol the 24 

boards constitute the Dorado CPU and are listed in Table S. Table 5 also lista a lower bound for 

t.he number of chips oo each of the be boards in the CPU. 17 

Aboat halt of the Inatruction Fetch Unit (IFU) is used to control the memory, the other hair 

is dnoted to the CPU; the IFU will Dot be considered u pan ol the CPU to obtain a coue"a

tin estimate. 
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Table 5. Dorado CPU Board• 

BOARD %POPULATED # CHIPS{288 Max l 

lllltruetioo fetch uit 80% 230 

Procesaor hip byte go.o5% ~275 

Proceaeor low byte 00.05% ~275 

Cootrol sec:tioo 00.05% ~275 

Microioatructioo memory 00.05% ~275 

The Dorado CPU perform. task nritchin& at the microcode lenL Microcode taab are 

called microtua. Some microtaaka are uaed u device coo trollers • a DMA coo troller would 

therefore be required if the Dorado CPU wu removed. A DMA coatroUer would be ao more com

plex thaa the Control Seetioa of the Dorado, 10 the Coatrol Seetioa will aot be counted aa pari or 

the Dorado CPU. 

Iporin& the IFU aad Cootrol Sectioa leans three boardJ iD the Dorado CPU: the Processor 

Hi&h Byte, Procesaor Low Byte, aad the Microioatructioa Memory. These three boards coataia 

about 780 chipe. The 332 lOOK chipe or the BRISC CPU would occupy the same board space 

required by about 66.f lOK chipe beeaaae ot the 24-pia pacbces a~ by the lOOK parte nrsus 

the 16-pin padqes uaed by the lOK parta. The BRISC CPU therefore requires 15% 1esa board 

area thaa the Dorado CPU. ID!ertioa coet is also 15% lese for BRISC; 24-pia pacbces coet twice 

u mach to insert aa 16-pia packa&es, ll but BRISC has 43% the oamber of chipe ot the Dondo 

CPU. 

ID order to calculate a coaae"ative estimate for the c~t ot a BRISC CPU, the Dorado aad 

BRISC CPUs are auumed to han the same PC board aad IC insertioa costs. PC board aad 

insertioa costs bein& equal, the di!erence iD coet of the two CPUs will therefore be lar&ely deter

miaed by the di!erence iD parts c~t. Parts coet ot the Dorado CPU is oot known (except by 

Xerox). The le'Ut expensive lOK pari sella ror tsl centa iD qaaatities of 100 to 1000, 10 a lower 

bound oa parts coet for the Don.do CPU is $475.80. The BRISC parts l.iat (Appendix D) shows 

the pa.rts coet or BRISC is $3330.32 iD parta qaaatities ot 100 to 1000. The resultin& pa.rta c~t 

ditrereoce between the BRISC CPU aad the Dorado CPU is at m~t $28&4.52. Selincer calculated 

the mal'kap for the V AX-11/780 to be 5.2 times, which he showed to be coasiatent with the ma.rk

wpe uaed by other maaatactu.ren. Usin& a 5.2 times ma.ri:up for the parts di!erential between 

BRISC aad Dorado &ins a sellln& price di!'erence ofSU,S43.50. Dond~ sell for $1~,500 with 2 

Me&abytes {MB) ot maio memory aad aa 80MB disk. Diacoantin& for the coet ot aa 80MB disk 

(111,000) 23 ciTes a selliD& price ot Sll7,600 Cor the Dorado without peripherals. A BRISC com

pater could thererore be 10ld for lea thaa tH,8.t3.50 onr the Sll7,600 sellin& price or a Dorado, 

or about Sl32,4+4. This is aea.riy identical to the price or a V AX-11/780 without peripherm, 

which SeliD&er calculates to be Sl32,400 with 1 MB or main memory (the Dorado comes with 2 
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MB). 

1. Ooalnc :R.~b 

T1lia section presenta retrospectives by the BRISC designers oa the BRISC project. 

1.1. Commenta oa SCALD 

ne BRISC project WOQld DO~ be a£ the poi.D~ it is todq withou~ the SCALD sysum. 

SCALD h:u proven to be aD unaluable tool ror computer desicn. Traditionally, computer desi&n 

haa beeD a npd process becaaae or the diliculty ot makin& changes to hardware oace it is built. 

SCALD provides a nhicJe to do e:pl#rSt#rJ .ISrdwllre 4uign, much aa a sood prov.unmia& 

eavironmeD~ allows e:pl#rStDrJ programming. Besa Sheil defines explontory Pro&rammiD& as an 

approach to pr~nmmin& combi.Diag system design witta implementation. 20 In an exploratory 

prop-smming environment, the prop-sm~Mr experimenta with changes to the design and immedi

ately sees their e~ec' Oil the operation ot t.he system. Explontory hardware design combines 

design and implementatioll ia t.he senae thai the hardware desi&ner can make ch3.Dges to the 

hardware design 3.1ld immediateb' see the e~ect Oil the operation or the hatdwa:e system. Eliecta 

are seen by using timiD& nriiic3tion, simulation and post procesain& rsther thu by baildin& md 

testin& physic:U hardware. In this wsy many poeeible solutions to the same problem may be tried 

ud evaluated, and the best solation eelected. Tile best solution is picked oa the basis orlopc,J 

correctness, s~ and parta coG. 

SCALD provides the equinlent ol what Sheil c3lla progrtJmm:ing pofller tool# in the rorm ot 

lve applicatioll progama: a vaphies editor, compiler, t.imin& verifier, simulator, and post proces-

101'. These tools amplify the power or the hardwa:e desi.per ISO that he cu produce a better 

design in less time. 

~ with meet soCtware tools, the tools provided by the Y alid SCALD l]st.em han eevenl 

de!ciencies thai detract from the use!uJnesa or the S)'!Um, t.he most Dote~le bein, the ~~~ o( 

the IJSUm. This seet.ioa describes the speed ol the Valid SCALD sysum ud commenta on esch 

ol the Valid SCALD tools !rom the poiDt. or Tiew or the BRISC desipers. 

1.1.1. SCALD Speed 

While SCALD comes a Jons w37 iD makins exploratory brdwve desi&n aa simple aa 

exploratory pro&nmming, the ain&le biuest. detnctor is the apeed ol the SCALD syaum. 

Explon.tory hardware desi&n implies intenctive ue oC the SCALD sysum, which me3U tha£ fast. 

respoue ia required for moei comm&Dds (i.e. less thu ooe ~cod}, ud responae time may ~.

aioaally &o up to 30 ~oada. Studies han showu that. user productivity &oes dowu when respoue 

times &o over three seconds, probahb' bec3ase oC the disruption or 11ser thought process-es. :4 
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Table 6 liata a rew ol the respoue t.imes encountered duriD& the BRISC desip. While Valid has 

ai&nillcutly improved the speed or the post processor • it once took over six boars tor BRISC 

with 006 parts, and now only takes 12 minutes with 332 parts • the respoue times need to be 

mach better to allow true interactive desip. 

Table a. VaDd SCALD Speed 

FUNCTION 
APPLICATION 

MODULE 
ELAPSED TIME CPU TIME 

PROGRAM (min :sec) (min:sec) 

Compiler 
PCs .t Address 3:58 3:23 

TimiD& BRISC 23:19 22:21 

V erifl.cation Timin& PCs .t Address 2:31 2:30 

Verifier BRISCtt 13:32 12:19 

Compiler 
PCs .t Address 4:13 3:37 

BRISC 32:26 26:56 

Simulation 
Simulator PCa .t Address 7:10 

(start-up) BRISC 17:59 

Simulator PCs .t Address :i)4 

(per cycle) BRISC :36 

Compiler PCa .t Address 1:59 1:28 

P01t BRISC 10:19 9:34 

Process in& 
P01t Prcxesaor 

PCa .t Addresa 1:40 1:38 

BRISC 12:23 12:19 

ttDon aoc laehade PC• .t Addren. Cadle, Spedal Resl.w .. or Reftl& Lakla. 

Ia fairness to Valid it should be mentioned that the Valid SCALD S)'stem used tor BRISC 

runa on a 68000. Valid also ~~ells SCALD systems tor V AXa (with the VMS operatin& system) a.c.d 

IBM 370a. Table 2 may be used to compare the perlormuce and cost ot the 68000, VAX and 

IBM 370 (Models 158 and 3081). 

l.l.J. Graphlea Editor 

The &raphics editor proved to be a u~~eful tool ror eDteriD& drawin&s and cha.n&in& drawinp 

after they were entered. The &faphics editor ia very rut ror most drawinp and encoura&es 

interactive des~n. The &f3.phics editor's interxtive nature made it much more useful than other 

draw in& tools previously available at Berkeley. 

1.1.3. CompUer 

The compiler coaverta drawin&s rrom the rormat created by the &faphics editor to a format 

usable by the timiD& verifier, simulator and post prcxesaor. )d such, the compiler is nothin& more 

thu an intermediary between the &raphics editor and the other applications aa opposed to a 

desip tool. 
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The compiler ba proYen uae!ul Cor bdin& aaaertion Tiolatiou. A.saertion Tiolationa are si&

nala that are a.uerted high which are inadvertently tied to sipa!a that. are asserted low. While 

oaly a few such errors have been found by the compiler in BRISC, the errors were detected raster 

ud corrected sooner than it they had been found with the simulator {see Table 6). 

The compiler ia a~ desi&ned !or interactive use. A command file mast be edited every time 

a dilerent type or oatp1lt. ia required (i.e. !or the timin& verifier, simulator or past. processor), a.ad 

nery time a dilerent. drawin& ia compiled. The commud ale supporta batch nrsions or SCALD, 

ud ia aot appropriate Cor u interactive enviroament.. 

The timing verifier ues minimum a.nd maximum timing parameters Cor ~ parta in a circuit 

t.o calculate a nlue history or all si&nala during a sin&le clock cycle. The timing verifier has two 

ues, one ia to Snd timing violations such u chan&in& signals violating set.-11p times, the other ia 

t.o ca.lculate the cycle time ot a circuit. 

"1'1mlns Vlolatlona 

The timing verifier is uae!ul when it. linda valid timing violatiou, bat. ia sometimes difficult 

t.o uae and ia too conservative. To get realistic outputs, timing behavior oC undriven inputa to a 

circuit must sometimes be specified, otherwise a.ll sipala may stay stable and no verification will 

occur. Sometimes, the timing verifier ia so eon.servative that it linda errors that. could never occur 

ill a real circuit. For example, the timin& verifier once identified the input to a Bip-dop to be 

changing before the dock, even thou&h the input waa driven by the negative output oC the flip

flop (that cann~ possibly ehan&e be! ore the dock). 

Some timin& violat.iou cause the timin& veri.tier to go into a.n endless loop, making them 

exceedingly dilicu)t. to lind. A !ew timing Tiola.tioas have been detected in BRISC by the timiD~ 

nri.tier; mastly with the endless loop method. 

Cyele nme C&lculatloa 

The timing veri.tier does not automatically identify the worst. ease path throu&h a circuit, aa 

iJ done by Crystal. 12 wt.e3d, the des~ner must. ex3.1Dine the nlue history ot all si~als in a cir

cuit aad find the signal that ia stable last. The worst ease path ia importa.nt for two reuoas. 

First., the del~y through the wonst C3.5e path must. be known to find the minimum cycle time or 3. 

circuit. Second, the des~ner should eoncentr:a.te on optimizing the wont ease path ta speed up 

t.be circuit, but he needs to "know the wont e~ path before he C:uJ ax it.. The minimum cycle 

time may also be found by runnin& the timing veriBer with successively shorter and shorter clock 

cycles until timing errors are found; that. still does not identify the worst ease path snd ia time 



-~-

coaauming. 

Since large CPUs tend to ~nd about half of their cycle times in wire delays, it is eseential 

that wire delays be included in timing verifier calculatioaa. Wire delays for ECL should include 

both delays due to the length of the wires, ud delays induced by loads alon& the wires. Because 

of the speed of ECL, most wires ad like transmission lines, ud the wire delay c~cubtor should 

treaL them u such. .U was mentioned in Section 3.1.1.1, a sin&le pair ol minimum and maximum 

wire delays may be specified to the verifier, but that. is too crude an approximation. Alterna

tively, the timin& verifier does have the capability to accept calculated wire delays from a physi

cal desi&n system, bat the Valid SCALD system does not include a physical desip system. Even 

thou&h a SCALD desi&n may be t.ra.Dsrormed into the input format. or another vendor's desi&n 

system, this precludes exploratory ha~dware desip because it is no lon&er interactive; the design 

cycle is meuured in days instead or minutes when two desip systems are ued. 

l.l.i. Simulator 

The simulator does lope simulation ol a circuit to verify lo&ical correctness or a desip. 

The simulator is potentially the most useful or the SCALD tools, but it al!o takes the longest to 

&et a.DY results aDd to correct erron that are Coand. The simulator has been used to simulate the 

operation or the PC1 AND ADDRESS, the A.LU PATH, and the SlllFTER PATH. These 

modules were picked Cor simulation because they e:ach do a well defined logical function. The 

entire BRISC design has been loaded into the simulator, but simulation has only been partially 

completed because or lack or time. 

Once the simulator is started, it is difficult to use because every sip3l ol interest must be 

identified for display, and most inputs initialized. A batch IUe may be ued to identify and ini· 

tialize sipals, but that seems to defeat the interxtive capability ol the simulator, and the batch 

lie is just as difficult to generate in the fint place. The simulator ia gener.illy used to trace the 

values or sipals throu&h progressive sta.&es ol lo&ic. To do this more ud more s~na.ls must be 

displayed and the circuit stepped a single cycle at. a time to tr:ace the behavior of sipals. When 

an error is found, the simulator must be exited, the drawin& edited to fix the error, the drawin& 

recompiled, and the whole tedious simulation process restarted to get to the same point. A batch 

81e may be ued to return to the same point in the simulator, but it the error was fixed many or 

the signals bein& displayed are probably no louger needed because they were only displayed to 

lad the error. 

To provide exploratory hardware des~n. the simulator should interact with the gnphics 

editor to allow graphical identification or sipala or interest. Incremental recompilation should be 

provided to allow rapid update. ldentific~ion and correctioa ol erron should be accomplished 

without leavin& the simulator. These capabilities are identical to the debuuing capabilities 
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provided by &ood exploratory procr:unmin& environment& such a.a Sm:slltaJk~. s 

Evell thou&h it. is hard to ue, the simulator ha.a round about a dozen errors in BRISC that 

would have prevented correct operation or the BRISC CPU. 

1.1.&. Po.t Pl"oc~r 

The p011t. processor baa bee!l uaed to ftDd loadin& errors, undriven s~nala, and to count the 

!lumber or ICa (physical pad:qin&) iD the BRISC CPU. 

Loadlnc El'!"'n 

The post processor finds loadin& errors by calcubtin& the !aD-oat or every l~ical part and 

buin& thoae parts that exc~ !aD-oat limit&. This tanctioa or the post. processor round about 

20 loadin& errors in the BRISC des~n, all have since been corrected. 

Und.riven Slpala 

The p011t processor identifies all neta iD a design ud fla&s nets that are n~ driven. This is a 

nJuable function beeaue Oil a lar&e des~n such u BRISC it. ia e3Ef to aaaume that a signal is 

soin& to be &enen.ted and then ror&et to &enen.te it or accidentally UH a di6erent name. Some 

!leta are intentionally a~ driven, such aa the reset input that is a.saumed to be externally &en· 

enUd. The post processor roand over 15 signals that. were inadvertently le!t undriven in the ori

&inal BRISC des~n, which have since been corrected. 

The physical pad:a&er ua~na lo&ical pa:ta to physical parta and pves a parts eoant o( each 

type or part. Thia is U8e{ul tor Sndin& the cost o( the des~n. and to verily that the desi&n will lit 

iD the allotted space (e.,. a sin&)e circuit board}. Exploratory desip with the &raphics editor and 

physical pa.cka&er reduced the BRISC parts coant. from 606 to 342 tor a savin&s o( H% u 

described in Seet.ioa 1.2 

The BRISC project baa been instnctive to the BRISC desi&Ders in two ueaa: computer 

architecture and C<>mputer Aided Desicn. 
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Computer ArchltedUH 

BRISC baa shoWD u that the RISC concepta for computer desip can be successfully 

applied to the desiJn of hip performance computers for inteser high level language programs. 

We have round that it pays to concentrate efl'on on the data path to shorten the cycle time. We 

bve alao round that. the smaller collt.rol implied by RISC helps to greatly reduce the parts count, 

decrease the cycle time ud decrease the desip time. The smaller parta coant helps to keep the 

cycle time down by minimizing both la&ic delays ud wire delays. Furthermore, the simple con

trol used by BRISC preveDt.a pipeline flushes 110 that. eyeles are not wasted. 

Computer Aided Deslp 

We have learned that. desiJning computers withoat computer aided design is like writing 

programs without compilers. Computer aided desiJn with SCALD allows design iterations for 

correcting desip errors ud for tuning the desiJn without. the expense aad inconvenience of build

in& hardware. The SCALD system by Valid haa the functions needed for such exploratory desip, 

it jnst. needs more speed, fewer bugs aad a physical design system. E.-en with these few 

weaknesses, there is no way we could have done this project without the Valid SCALD system. 

The slownesa of the SCALD system may be partially due to the speed ot the 68000 CPU 

used by Valid. SCALD is a good example ot aD integer hip level language application that could 

be enhanced by a BRISC processor. 

1.3. Future Work 

The two desipers ot BRISC a.re both interested in continuing the BRISC project. Wort 

needs to be done in all upeeta of the project described in this paper: hardware desip, timing 

verification, .simulation, ud post processing. Once these are completed, then BRISC will be 

resdy for fabrication. 

Hardware DeslgD 

The hardware desip for BRISC ia complete except for a couple ot minor portiona of the 

CPU such aa a comparator to detect register-a.a-memory accesses to the resister flle. The inter

face to the support procesaor needs to be desiped, ud the 'microcode' moat be completed for all 

instructions. 

Even though the desiJn is nearly complete, we would like to make some changes to the 

desip to speed it up ud reduce parta count. One area that could benefit from rarther redesign is 

control. While the current implementation of control ia la&ically correct, extra bita have been 

included for compatibility with old versiona ot the microcode aDd to aid in debauing. Before 
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fabrication, eoatrol should be reor&a.aized to remove unneeded bits. The resulting desip should 

be sm:iller than the eunent. desip (by at leut he chips). 

nmtnc V er11!eat1on 

We feel confident th~ the worst esae path baa been timing verified and that we have a 

worst ease estimate tor the speed or BRISC. More timing veriBeatioa ia needed to bd timing 

enon. Furthermore, accurate wire delays should be a.sed to get a more accurate estimate of the 

BRISC cycle time. 

Simulation 

Simulation haa been completed on key portiollll of BRISC, bat Deeds to be performed Oil the 

entire design. Oar goal ia to use SCALD to deposit programs into the aimula~ memory ud 

simulate BRISC executing thoee progr3JDII. Such a simalatioa wOGid convince u that BRISC ia 

ready ror fabrication. 

Farther poet processing will be done to reduce the pana eoant ud to prepare the BRISC 

desip ror fabrication. 

Fabrication 

One design goal for BRISC baa been to limit the parts count to fit the BRISC CPU onto a 

sinde Sl Mark IlA wire-wnp board. The Sl wire-wnp board ia about 24 by 24 inches and haa 

space for 325 lOOK ECL ICa with associa~ ~rmination resistors and bypssa capacitors. s The 

cunent 332 chip design or BRISC can be modilied to flt Oil the Sl board with some minor 

redesign. 

BRISC could be made faater by u.sing a deuer board that leads to shorter wire delays. A 

Dew board being developed at Livermore for the Sl Mark ID is such a board. The Mark ID board 

ia 16 by 16 inches &Dd haa apace ror 687 lOOK ECL ICa (on custom e3.lriers). s The extra space 

c.oald be used for the e:a.che. A disad.Y3.DU&e or the Mark m board is that it masi be water 

cooled, so it would only be appropriate i! BRISC wu imbedded iD a larger system. 

Another fabrication technique would be to redesip BRISC u.sing lOOK gate arrays. The 

resulting design would require fewer chips and woald be ruter beesllM o( shorter wire delays, bat 

would be more d~cult to debag and eha.n&e than discrete lope. A discrete lo&ic version ol or the 

desip could be built u a prototype prior to the &~ uray vel"!ioo to debug the desi,n. 
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L Coadusion 

BRISC h:aa showa thai a RISC architecture denloped for a single chip processor cu be sac

ceufully applied to a discrete lo&ic CPU. The resultiD& proces10r cu be developed for the cost of 

a lar&e miDicomputer (about $t32K) and yet outped()f']m m3iD!r:uues coetin& millioaa of dollan 

oo iDte&er hi&h lenl lanpqe pro&nms. ID additioD, the resaltio& procesaor caD be desiped 

quickly becauee of the simplifted uc:hit.ectare and bec:aue of the power of computer aided desi&D 

tools such :aa SCALD. .A. a result, the RISC I arehitectue eaa se"e aa the b:aaia for a family of 

procesaon, startiD& with medium performance siD&Ie chip procesaon such u RISC n aod prosreu

iD& up to hi&h perlormauc:e diacrete lope procesaon such u BRISC. Ou experieoce leada u to 

believe thai the RISC style of architectare will flourish with advaoces in denaity and speed ofaew 

implemeDtatioD t.echnolo&iea. 
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Appendix A 
BRJSC lMtruetitm Set 

Instr. Operands Commenta 

ADD 51,52,0 0-51 + 52 illte&er add 

ADDC 51,52,0 D- 51+ 52+ c~ add with cvry 

SUB 51,52,0 D- Sl- 52 inte&er subtnet. 

SUBC 51,52,0 D - 51 - 52- cvry subtnet. with C3lTJ 

RSUB 51,52,0 D- 52-51 reverse inte&er subtr:.ct. 

RSUBC 51,52,0 D - 52 - 51 - cmy subtnet. with c~ 

AND 51,52,0 0- 51 .t 52 lapn1 AND 

OR 51,52,0 D- 511 52 lapc:U OR 

XOR 51,52,0 D- 51 xor 52 IO&ic:U EXCLUSIVE OR 

SLL 51,52,0 D- 51 shifted by 52 shirt leCt. lapcsl 

SRL 51,52,0 D - 51 ahitted by 52 shitt ri&ht lo&ic:Jl 

SRA S1.S2.D D - 51 shifted by 52 shift ri~ht arithmetic 

LOADW 51(52),0 . D- M{S1+52J load word 

LOADWR #L,D D- M{pc+fLI load word relative 

LOADWS 51(52),0 D- M{51+ SZJ load word special 

LOADHU 51(52),0 D- M{51+52J load hal!word usiped 

LOADHUR #L.D 0- M{pc+ #LI load haltword unsiped relative 

LOADHU5 51(52),0 D- M{51+ 52j load haltword ansiped special 

LOADHS 51(52),0 0- M{51+ 52j load haltword si&ned 

LOADHSR #L,O 0- M{pc+ ILl load haltword si&ned relative 

LOADHSS 51(52),0 D- M{51+52j load haltword si&ned special 

LOADBU 51(52),0 0- M{51+52j load byte unai&ned 

LOADBUR #L,O 0- M{pc+#LI load byte unai&ned relative 

LOADBU5 51(52),0 0- M{51+52J load byte unai&ned special 

LOADBS 51(52),0 D- M{51+ 52J load byte signed 

LOADBSR fL,D 0- M{pc+ ILl load byte aiped relative 

LOADB5S 51(52),0 0- M{51+ S2J load byte siped apeci::al 

LOADlli #L,D 0<31:13>-#L; 0<12:0>-0 load immediate hip 

LOADIR ,PL,O 0- M{pc+ #LJ load immediate rebtin 

5TOREW 5,01(02) M{D1+ D2j- 5 store word 

5TOREWR 5,#L M{pc+#LJ- S 

5TOREW5 5,01(02) M{01+02j- 5 store word special 

STOREH 5,01(02) M{Ol+ 021-5 store haltword 

STOREHR 5,fL M{pc+#LJ- 5 

5TOREHS 5,01(02) M{Ol+ 021-5 store haltword special 

5TOREB S,Dl(D2) M{Dl+ 021- 5 store byte 

5TOREBR 5,fL M{pc+#LJ- 5 

5TOREBS 5,01(02) ~Dl+ 021- S store byte s~ia.l 



Append!s A 
BRISC lrutruction Set (continued} 

Ioatr. Opennds Com menta 

JMP COND,Sl(S2) next pc- Sl+ 52 conditional jump 

JMPR COND,#L pc - next pc + fL conditional jump relative 

CALL 0,51(52) D- pc; call 

next pc - Sl+ S2, CWP-

CALLR D,fL D- pc; call relatin 

next pc - pc+ #L, CWP-

RET Sl(S2) pc - Sl+ 52, CWP+ + ret1U'D 

TRAP D D- pc; trap 

next pc- tnp Tector, CWP-

CAL LINT D,fV D- laat pc; hardware interrupt 

next. pc- fV; 
disable interrupts 

RE'l'INT 5 pc- S; retarD from interrupt 

CWP++; 
enable interrupt. 

GETCPC D o-pe &d current pc 

GETLPC D D -last pc &et bat pc 

GE'l'CWP D o-cWP &et clllftnt window pointer 

GETSWP D o-SWP &et sand window pointer 

GETPSW D D-PSW load status word 

PUTCWP 5 CWP-5 put new current window pointer 

PUTSWP 5 5WP-5 put new saved window pointer 

PUTPSW 5 psw-s put new status word 

(1) S, 51, and St are source re&isters and specifiy one ol RO through R91. RO is always 1ero. 

52 may also be a 13-bit immediate value specified as #CONSTANT. 

(2) D, D1, and Dt are destinatioa registers and specifiy oae or RO through R91. 02 may also 

be a 13-bit immediate value specified aa f CONSTANT. 

(3) #L ia a 10-bit immediate nlue. 

(4) # V ia a hardware &enerated interrupt nctor. 

(5) COND il a jump condition and specifies one of: 

none jump always (anconditioaal jump) 

ne jump il n~ equal 

eq jump il equal 
nc jump il no carry 

c jump il carry 
nv jump ilao onr!ow 

t7 jump il onr!ow 

U jump illesa than 

le jump ita~ &rester thaa 

Jl jump il &rester than 

fe jump ita~ less thaa 

lo• jump illower or same 

ii jump il higher 

' jump il plu (paeitin) 

m jump il minu 

no jump never 
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AppeadJx B 
Commercidl CccAt: SummarJ 

MACHINE 
SET SIZE 

fSETS 
LINE SIZE CACHE SIZE 

Amdahl ·470V /6 
Amdahl _.70V /7 
Amdahl 470V /8 
Dorado 
Hooeywell 66/60 
Honeywell 66/80 
IBM 4331 
IBM~1 

IBM 370 1~1 
IBM370 1~ 
IBM 370 168-1 
IBM 370 168-3 
IBM 3033 
IBM 3081D 
IBM 308lK 
Itel AS/6 
Mapuaon M8ll/42 
Ma&D USOD M8() /43 
Map USOD M1!IJ I H 
NEC ACOS 0000 
PDP-11/70 
RISC/E 
51 Mark IIa 
VAX-11/750 
VAX-11/780 

No&e 1: Wrik b&ck. 

Now 2: Wrik Uu"Oqla. 

(worda) {bytes) 

2 256 32 

8 128 32 

• 512 32 

2 256 us 
4 128 us 
4 128 16 

2 
4 
4 128 32 

8 128 32 

16 M M 
128 
128 

4 128 32 

2 256 4 

2 64-102. 1~128 

4 5120 72 

2 
2 512 8 

No&e S: Hii ra&io onr 98% mu.nnd ia uer !DOCie, onr 96<!0 ia ••pemaor JDOde. 

Now 4: 4-b,W Wa pa&la baweea CPU aad ca.clae. 

N41M 5: Hii raiio o•er oo% mu.nnd. 

Not.e 6: No wri\e alloa.t.e. 

NoM 7: No reorder. 

Not.e 1: 1-b,W da&a pa&la bawen CPU aad ca.clae. 

No&e 0: Z-byW Wa pa&la baweo a.c:lae aad -ry. 

NCIW 10: 4-byW da&a pa&la beiweea cad.e aad -mory. 

No&e 11: LRU &lloa.tioa. 

NCIIW 12: Yodiied LRU &IJoa.tioa. 

(bytes) 

16K 
32K 
841( 

8K 
8K 
8K 
4K 

16K 

161< 
32K 
MK 
32K 
64K 
16K 
16K 
32K 
161< 

128K 
lK 
8K 

90K 
4K 
8K 

No&e 1S: 15%-;o% laii ra&iot -ued (~la 30 io 40 uen aam), ~S%-110<!0 laii ra&ioe c:alc:ala&ed. 

Now H: Facla bypul. 

No&e 16: Pre!acla. 

Not.e us: Pmetea oai!UII. 

No&e 17: Ymul add~ a.clae. 

No&e 11: },bl\iproon~or nppori uiac a.clae colaereace. 

No&e 1~: Oae wriie hler. 

NOTES 

1, 3, 4 
1, 3, 4, 14 
1, 3, 4, 14, 16 
&, 6, 1&, 19 
2 

" .. 

2, 12 
2, 12 
2, i, 8, 12, 1{, 19 
1, 8 
1, 8 
2, 8 

2,9 
1, 11 
1, 11, 17, 18 
2, 6, 10, 15 
2, 6, 10, 15 
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Appeadlx C 
Effective C11cle Time Cdlcul4lion 

PROCESSOR 
MEMORY WAIT EFFECTIVE CYCLE TIME lnal 

TIME (u} 100% cache hit 00% cache hit 

400 73 

BRISC A 800 31 113 

1200 153 

400 81 

BRISC B 800 46 121 

1200 161 

400 97 

BRISC C 800 63 131 

1200 177 

o.Jy iwo nhas for laii ~iioa ue allow• 'becr.ue laii ra&io nnu efeain cyd. iime i1 a liAear fuain. Tle r .. c

iio• ued lo calnb.~ ilae efedin cycle iime ir. 



APPENDIX D. BRISC P .ARTS LIST 



I Appendix D 
BRISC Port• Lut 

PART QUANTITY 
1-100 PRICE 100.1000 PRICE POWER 

NUMBER $EACH TOTAL$ $EACH TOTAL$ mAEACH TOTAL mA 

100101 6 5.08 30.48 3.61 21.66 38 228 

100102 86 5.08 436.88 3.61 310.46 80 6880 

100107 3 1.rn 21.21 5.02 15.08 gcs 288 

100122 13 5.58 72.54 3.g6 51.48 ~ 1248 

100136 16 24.06 384.~ 11.rn 273.12 283 4528 

100141 4 12.15 ..S.60 8.62 34.48 238 QS2 

100150 <i7 12.15 571.05 8.62 405.14 150 7-i73 

100151 10 12.QO 120.00 0.15 01.50 210 2100 

100155 58 15.50 sw.oo 11.00 f$38.00 133 1714 

100158 16 10.34 301U-4 13.73 210.68 205 3280 

100111 25 12.65 316.25 8.08 224.50 114 2850 

100170 1 15.50 15.50 11.00 11.00 220 220 

100181 8 25.54 204.32 18.13 145.0-4 300 2400 

100422 30 32.24 1257.36 22.80 880.20 200 7800 

TOTAL 332 $4696.50 $3330.32 .{0,753 

NCIW: Pricel ~o&ed J•ly 1;13 by H&mi~oa-An~ Cor P'&irtililcl p&nl. Power il'"" are C111a \lie Fain:&ild P11fJK ECL 

DATA Bo.C cs~ for \lie 100422, waida u• \lie F•ji~n 100422A·7 power "'re. 
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APPENDIX F. DAPL MICROCODE LISTING 



•• 
•• RISC fE n Phase 3 Decode RAM microcode . 

•• 
•• 4/18/&3 

•• 
DESCRIPTION 
MICROMEMORY _IS 256 WORDS_BY 52 BITS; 

INTERLIST HEX; 
NUMBER_BITS HIGHTOLOW; 

DEFINE true AS 1.; 
DEFINE ralse AS 0.; 

FIELDS pdbToRbuaOE WIDTH 1 DEFAULT 0., 

pcebToRbuaOE WIDTH 1 DEFAULT 0., 

imlShortlmmed WIDTH 1 DEFAULT 0., 

imU.onglmmed WIDTH 1 DEFAULT 0., 

rs&enRaet WIDTH 1 DEFAULT 0., 

•• 

arqSel WIDTH 1 DEFAULT 0., 

ealliOpcode WIDTH 1 DEFAULT 0., 

torwardEnable WIDTH 1 DEFAULT 1., 

pipeControl2 WIDTH 1 DEFAULT 0. 

WITH {phaae6Write - 0., 
noPha.ae6Write- 1.), 

pipeControllO WIDTH 2 DEFAULT 0. 

WITH (normal - 0., 
suspend! - 2., (• ali&ned load .t store •) 

suspend2- 3.), (*unaligned load .t store •) 

apare2 WIDTII 2 DEF AtJL T 0., 

ahlsel WIDTH 2 DEFAULT 0. 

WITH (ahffibus- 0., 
ahffifO- 1., 
ahmn- 2., 
ahllm- 3.), 

shASel WIDTH 2 DEFAULT 1. 

WITH (shARbua- 0., 
mARn -1., 
ahAim- 2.), 

spare3 WIDTH 1 DEFAULT 0., 

sres!E WIDTH 1 DEFAULT 0., 

aluAlE WIDTH 1 DEFAULT 1., 

aluBIE WIDTH 1 DEFAULT 1., 

shn..E WIDTH 1 DEFAULT 1., 

ah.AE WIDTH 1 DEFAULT 1., 

ahiE WIDTH 1 DEFAULT 1., 

ahSigned WIDTH 1 DEFAULT 0., 

apare-t WIDTII 3 DEFAULT 0., 

•• The fvDowiD& sipal.s are latched by the Phase 4 latch for 

•• 11ae d1lriD& pha.se 4 . 

•• 



shS WIDTH 6 DEFAULT 0., (• .. !- •) 

shRight. WIDTH 1 DEFAULT 0., 

aluFn WIDTH .f DEFAULT 0. 

WITH (aluBcdAdd- 0., 

alu.BcdSub - 1., 
aludBcdSubi - 2., 

aluBcdNe&B - 3., 
aluAdd- .... 
aluSub - 5., 
aluSubl - 6., 
aluNqB -1., 
aluXJJor - 8., 
aluXor- 9., 
aluOr =- 10., 
aluA- 11., 
aluNotB =- 12., 
aluB ... 13., 

aluA.Dd - u., 
aluLow - 15. ), 

sysCwphFn WIDTH 3 DEF Au'Ll' 7. 

WITH (sysCwphLoad - 0., 

sysCwphDecr - .f., 
sysCwphClesr - 5., 
sysCwphlncr - 6., 
sysCwphHold- 7.), 

uarCwphFn WIDTH 3 DEFAULT 7. 
WITH (aarCwphLo:ad- 0., 

uarCwphDecr =- ~ .• 
uarCwphCle:a.r =- 5., 
uarCwphlllcr- 6., 
uarCwphHold =- 7. ), 

CW])IFD WIDTH 2 DEFAULT 2. 

WlTH ( ewpUncr - 1., 
CW])lHold - 2., 
cwplDecr - 3. ), 

resSel WIDTH 2 DEFAtJLT a. 
WlTH (resulWu- 0., 

result.Cbua - 1., 
resultRn - 2., 
resultShitt - 3.), 

resLat.chLdWIDTH 1 DEF AtJL T 1., 
aluCarryln WIDTH 1 DEFAULT 0., 
spsre5 WIDTH 1 DEF .\UL T 0.; 

MICROPROGRAM 

(• NOP •) 
lloPhaaedWriu; 
lloPhaaedWriu; 
lloPhaaedWriu; 
uoPhaaedWriu; 

(• ADD •) 
aluAdd, resultAlu; 
aluAdd, resultA.lu; 
aluAdd, resulWu; 



alaAdd, resultAJa; 
(• ADDC •) 

alaAdd, resaltAJa; 
aluAdd, resultAJa; 
alaAdd, resultAJa; 
alaAdd, resultAJu; 

(• SUB •) 
aluSub, resulWu; 
aluSubl, resultAJa; 
alaSub, resulWu; 
aluSubl, resultAlu; 

(• SUBC •) 
aluSub, resulWu; 
aluSabl, resultAlu; 
alaSub, resulWu; 
aluSubl, resultAlu; 

(• AND •) 
alu.Alld, ret~uiWu; 
alu.Alld, resulWu; 
alu.Alld, resulWu; 
alu.Alld, resulWu; 

(• OR •) 
aluOr, resulWu; 
aluOr, resulWu; 
aluOr, resuiWu; 
aluOr, resulWu; 

(• XOR •) 
aluXor, resuiWu; 
aluXor, resulWu; 
aluXor, resaltAiu; 
a! uXor, resultAlu; 

(• SRL •) 
shiRro, shARn, shRi&ht - true, shSiped - fal!e, resultShilt; 

shiRto, shARn, shRi&ht - true, shSiped =- false, resultShilt; 

shiRro, shARn, shRi&ht - true, shSiped - fal!e, resultShilt; 

shiRto, shARn, shRi&ht - true, shSiped - fal!e, resultShilt; 

(• SRA •) 
shiRto, shARn, shRi&ht - true, shSiped - true, resultShilt; 

shiRro, shARn, shRi&ht - true, shSiped - true, resultShilt; 

shiRto, shARn, shRi&ht - true, ahSiped - true, resultSbilt; 

shiRto, shARn, shRi&ht - true, shSiped - true, resultShif't; 

(• SLX •) 
shiRto, shARn, shRi&ht - false, shSiped =- false, resultShirt; 

shiR10, ahARn, ahRi&ht - false, shSiped - ralae, resultShift; 

shiRto, shARn, shRi&ht - false, shSi&ned - falae, resultShift; 

shlRto, shARn, shRi&ht - raise, ahSi&ned - falae, resultShilt; 



•• 
•• RISC/E II Phaae ~Decode RAM microcode . 

•• 
•• -4/17/83 

•• 
DESCRIPTION 
MICROMEMORY_lS 128 WORDS_BY 30 BITS; 

INTERLIST HEX; 
NUMBER_BITS HlGHTOLOW; 

DEFINE true AS 1.; 
DEFINE ralse .~ 0.; 

FlELDS sparel WIDTH 3 DEFAULT 0., 

camSei WIDTH 1 DEFAULT 0. 

WITH (camPC - 0., 
cam.Rbu- 1.), 

pswl!el WIDTH 1 DEFAULT 0. 

WITH (p6wSys - 0., 
pswln- 1.), 

cwplSel WIDTH 2 DEFAULT 0. 

WITH (cwpUn- 0., 
cwpiSys- 2., 
cwpiUer =- 3.), 

swpSel WIDTH 1 DEF AlJL T 0. 

WITH (ewpSys - 0., 
swpUar - 1. ), 

calLE WIDTH 1 DEFAULT 0., 

loadPC WIDTH 1 DEFAULT 0., 

pccbToCbusOE WIDTH 1 DEFAULT 0., 

~MemEnable WIDTH 1 DEFAULT 0., 

weCache WIDTH 1 DEFAULT 0., 

cdliE WIDTH 1 DEFAULT 0., 

csRe,1ile WIDTH 1 DEFAULT 1., 

shOLE WIDTH 1 DEF.-'.L1.. T 0., 

aluOutLatch WIDTH 1 DEFAULT 1., 

cwplOE WIDTH 1 DEFAULT 0., 

swpOE WIDTH 1 DEFAULT 0., 

spare2 WIDTH 1 DEFAULT 0., 

resultOE 'YliDTH 1 DEF AtJL T 1., 

pswOE WIDTH 1 DEFAULT 0., 

pswSysFlagsLoad WIDTH 1 DEFAULT 0., 

pswAJuFla&!Load WIDTH 1 DEF AL1.. T 0., 

sysCwpliE WIDTH 1 DEFAULT 0., 

asrCwpliE WIDTH 1 DEFAULT 0., 

sysCwphOE WIDTH 1 DEFAULT 0., 

asrCwphOE WIDTH 1 DEFAULT 0., 

IWpSyslE WIDTH 1 DEFAULT 0., 

1WpUeriE WIDTH 1 DEF AtJL T 0.; 

MICR OPROGRA..\f 
(• NOP •) 



(• ADD •) 
re&AaMem.Enable- true, aluOutLatcJa- trae; 

fe&AaMem.Enable- true, aluOutLatcJa =- trae; 

(• ADDC •) 
re&AaMem.Enable =- true, aluOutLatcJa - trae; 

re&A5Mem.Enable- true, aluOutL&kh-= trae; 

(• SUB •) 
re&AaMem.Enable- true, aluOutLatcJa,.. trae; 

re&AaMem.Enable- true, aluOutLatcJa =- trae; 

(• SUBC •) 
re&AaMem.Enable - true, aluOutLatcJa - trae; 

re&A5Mem.Enable,.. true, aluOutLatch =-true; 

(• AND •) 
re&MMem.Enable- true, aluOutLatch- true; 

re&AaMem.Enable- true, aluOutLatcJa- true; 

(• OR •) 
re&MMem.Enable - true, aluOutLatch ,.. true; 

re&AsMem.Enable - true, aluOutLatch - true; 

(• XOR •) 
re&MMem.Enable- true, aluOutLatch- true; 

fell\aMemEDable - true, aluOutLatch - true; 

(• SRL •) 
rec&Mem.Enable - true, ab OLE - true; 

rec&MemEnable .. true, abOLE- true; 

(• SRA •) 
re&AsMemEnable ,.. true, ahOLE - true; 

re&J\sMemEnable - true, ahOLE - true; 

(• SLX •) 
re&AsMemEnable - true, ehOLE - true; 

re&AsMemEnable- true, ahOLE =-true; 

(• LDlll •) 
re&MMemEnable - false, ahOLE - true; 

re&AsMem.Enable - false, ehOLE - true; 

(• CALLX •) 
fell\aMem.Enable- true, aluOutLatch- true, ahOLE- true; 

re&AaMemEnable- true, aluOutLatch- true, ahOLE- true; 


